and neurons for calcium signaling. How Ca 2+ regulates ion conduction in the RyR channels remains elusive. We determined a 2.6-Å cryo-EM structure of rabbit skeletal muscle RyR1, and used multiscale dynamics simulations to elucidate cation interactions with RyR1. We investigated 21 potential cation-binding sites that may together rationalize biphasic Ca 2+ response of RyR1. The selectivity filter captures a cation hydration complex by hydrogenbonding with both the inner and outer hydration shells of water molecules. Molecular dynamics simulations suggest that adjacent Ca 2+ ions moving in concert along ionpermeation pathway are separated by at least two cation-binding sites. Our analysis reveals that RyR1 has been evolved to favor its interactions with two hydration shells of cations.
address these questions, we determined the cryo-EM structures of rabbit skeletal muscle RyR1 in two distinct closed states (designated state 1 and state 2) and an open state (designated state 3) at nominal resolutions of 2.6, 3.3 and 6.3 Å, respectively ( Fig. 1 , figs. S1-3, Table S1 ), under the same buffer condition in the presence of 10 µm Ca 2+ and in the absence of other RyR1 regulatory proteins, such as immunophilins FKBP12/FKBP12.6 that were used in previous studies (12, 14, 15) . The imaged RyR1 was complexed with the soluble domain of the auxiliary protein junctin, a transmembrane regulator of RyR1 that may stimulate channel opening (19, 20) (fig. S1 ).
Unfortunately, in all three cryo-EM maps, we did not observe the density of the soluble domain of junctin, probably because it was bound to a flexible region near the outer surface of RyR1. Thus, the interaction between RyR1 and junctin remains unresolved. Structural comparisons among the three states and with other available RyRs structures reveal a conformational transition pathway that reproduces previous structural findings (11) (12) (13) 17 ) (figs. S4, S5).
The cryo-EM map of RyR1 tetramer in state 1 exhibits 21 local density peaks that are potentially cation-binding sites (Fig. 1A, B , Movie S1). The rationality of the cation assignment into these density peaks was extensively examined by combining ab initio quantum mechanical density S5A ). In state 1, each density peak at Sites 1, 4 and 7 is surrounded by eight islets of density peaks forming a square antiprism cage, which were tentatively modelled as water molecules that form an inner hydration shell directly coordinating the cation at the center (Figs. 2-4) (21) (22) (23) . Three additional density peaks compatible with bound cations were also observed per protomer (Sites 0, 10, 11; Fig. 1E-H) . Among all potential cation-binding sites, the strongest ion density is located at Site 11 and embraced by Glu3893 and Glu3967 from the core solenoid domain (residues 3667-4174) and Thr5001 from the C-terminal domain (CTD, residues 4957-5037) ( Fig. 1H ). Site 11 is the only Ca 2+ -binding site that has been identified previously in RyR1 structures (12) .
RyR1 features a unique selectivity filter that comprises a very short passage of constriction, in sharp contrast to other calcium channels of known structures (22, (24) (25) (26) (27) (Fig. 2A) . The lower four water molecules in the inner hydration shell of the cation at Site 1 appear to form hydrogen bonds with the upward-pointing carbonyl oxygen atoms in Gly4894 at the selectivity filter ( Fig. 2B, C) .
It is energetically unfavorable for cations to occupy both Sites 0 and 1 simultaneously due to electrostatic repulsion. When a cation occupies Site 1, water molecules can occupy Site 0 and constitute part of the outer hydration shell of the cation, which mediates a hydrogen-bond network with carboxyl oxygen atoms in Asp4899 and Glu4900 (Fig. 2B, Movie S3 ). Our MD simulations indicate that a single cation hydration complex can carry two hydration shells of water molecules that diffuse together with the cation, although the outer hydration shell is less stable than the inner hydration shell (Fig. 2D ). It is also noteworthy that the outer hydration shell of K + is much less stable than that of Ca 2+ , so is the inner hydration shell (Fig. 2D ). It appears that the selectivity filter indirectly interacts with a cation by forming hydrogen bonds with both the inner and outer shells of water molecules in the cation-hydration complex ( Fig. 2A, B ). We reason that such a mode of cation recognition may favor multivalent cations over monovalent ones, because a cation with less stable hydration shells, such as K + , could suffer from lower affinity and specificity ( fig. S7F , G).
Further, our ab initio DFT simulations show that single Ca 2+ hydration complex permeates through the constriction of the selectivity filter by moving two water molecules from the inner to outer hydration shell and with the inner hydration shell transiently rearranging into an octahedron of six water molecules ( Fig. 2E, F, fig. S6A ), whereas K + can keep five water molecules in the inner hydration shell when crossing over the selectivity filter at Gly4894 ( fig. S6B ). Taken together, our data may help retionalize how RyR1 selects Ca 2+ over K + or Na + by a factor of ~7-8 folds (28, 29) .
Inside the central cavity, four density peaks (Sites 2-5) compatible with cations are observed along the channel axis in state 1 (Figs. 1B, C, 3A). To understand the functional role of these cation-binding sites with respect to the ionic occupancy state during permeation, we performed targeted MD simulations in which the activation gate was steered from state 1 (closed) to state 3 (open) ( fig. S7C ). The results suggest that only one Ca 2+ ion can enter the central cavity at a time in state 1, and it prefers to stay at Site 4, consistent with the observation of the strongest on-axis cryo-EM density peak at this site in state 1 ( Fig. 2A, fig. S5A ). Eight water molecules on the vertical position of Site 3 appear to be stabilized into an octagon constituting the second hydration shell of Ca 2+ in the central cavity. Impressively, the locations of these stabilized water molecules from our MD simulations agree with their assignment in the cryo-EM density ( fig. S7B ). In state 3, with channel opening, Site 5 becomes the preferred cation-binding site before the ion passes the gate (Fig. 3C) . Therefore, the cation-binding sites in the transmembrane pore are state-dependent.
Nonetheless, in all MD-simulated events, two nearest neighboring Ca 2+ ions moving in concert along the ion permeation pathway-from the selectivity filter to the activation gate-are separated by at least two cation-binding sites or approximately 11 Å ( Fig. 3C , D), in line with the observation that the two strongest on-axis cryo-EM density peaks before the gate are at Sites 1 and 4 in state 1, or at Sites 1 and 5 in state 3 ( fig. S5A ). These results together support an ion-permeation mechanism that the Ca 2+ hydration complexes knock off one another without breaking their innermost hydration shells of water molecules.
The constriction at the activation gate of RyR1 is narrowed by Gln4933 and Ile4937 in states 1-3. Both K + and Ca 2+ cations are energetically forbidden for permeation across the gate in state 1 (21, 23) . These differences imply that the activation gate may also contribute to the Ca 2+ selectivity by imposing dehydration energy penalty on K + ions. In support of this finding, previous single-channel experiments have demonstrated that mutation of Asp4938 to asparagine results in a significant reduction in Ca 2+ selectivity over K + ions (29, 30) .
In state 1 structure, four equally spaced density peaks from Site 6 to 9 are lined along the channel axis in the cytosolic vestibule ( Fig. 4A, fig. S5A ). The average distance of adjacent sites is 4.9 ± 0.1 Å. The outer hydration shell of the cation at Site 7 connects the Ca 2+ ion through a spherical hydrogen-bond network to the side-chain nitrogen or oxygen atoms in three charged residues Arg4944, Asp4945 and Glu4948 from four pore-lining S6 helices ( Fig. 4B , C, Movie S5). Our ab initio DFT calculations suggest that Ca 2+ binding at Site 7 may stabilize the closed state of RyR1 by holding the four S6 helices together below the activation gate ( Fig At the entrance of cytosolic vestibule, four potential cation-binding sites with low occupancy (Site 10) in state 1 bridge the inter-subunit gaps between adjacent S6 helices and the back of the thumb and forefingers (TaF) domain directly supporting the EF-hand pair domain ( Fig. 4F ). Each cation at Site 10 can be coordinated with oxygen atoms in Glu4955 side-chain from one subunit, and in Gln4949 side-chain and Val4222 main-chain from the adjacent subunit ( Fig. 1G ). By contrast, this inter-subunit gap is ~8 Å wider in state 3, making it impractical for Ca 2+ binding at Site 10 when the channel is open ( Fig. 4D , G). We thus speculate that these putatively low-affinity cation-binding sites in the cytosolic vestibule (Sites 6-10) could contribute to locking the S6 helices and the TaF domain supporting EF-hand pair in the closed state by millimolar cytosolic Ca 2+ , which is compatible with previous studies (31) . Further investigations are required to determine if these and other unknown low-affinity cation-binding sites are required for Ca 2+dependent inhibition of RyRs.
To understand how Ca 2+ dynamically regulate the RyR1 activity, we performed stochastic Table S2 ) (34, 35) . To sum up, our structural and computational studies have unraveled unexpected mechanisms of Ca 2+ selectivity and permeation, Ca 2+ -regulated gating of RyR1. The observation of extensively rich cation-binding sites in RyR1 reveals a unique set of design principles of calcium channel architecture, and suggests that RyRs may have been evolved to favor their interactions with two hydration shells of cations.
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Material and Methods
Purification of RyR1. RyR1 was purified from New Zealand white rabbit skeletal muscle. First, sarcoplasmic reticulum (SR) vesicles were purified ( Single-channel recordings. Purified RyR1 was reconstituted into microsomes as described(37).
Briefly, the purified RyR1 was brought to 5 mg/ml lipid mixture Cryo-EM data processing and reconstruction. The raw frames of 10,009 movies were gaincorrected for their gain reference and were drift-corrected to generate EM micrographs by MotionCor2 program (39) . Each micrograph was used for the determination of the defocus parameters according to its Thon rings with Gctf program (40) . After auto-picked and verified using RELION 2.1 (41) and EMAN2 software (42) , 835,709 particles of RyR1 were extracted from 9,528 good micrographs for the following analysis. All reference-free 2D and 3D classifications were carried out in RELION 2.1/3.0 (41) and ROME 1.1 (43) , which combined the regularized maximum-likelihood based image alignment and manifold learning-based classification. 3D refinement that refined the Euler angles and x/y-shifts of each particle to further improve the resolution of density maps was completed in RELION. Both 3D classification and refinement of maps were done at a pixel size of 1.37 Å, which was binned by two folds from the raw data in the super-resolution mode.
After several rounds of iterative 2D and 3D classifications, bad particles and non-particle In order to improve the local resolution of density maps, the CTF parameters of each individual particle were refined locally with program Gctf (40) . Based on the x/y-shift and orientation parameters of each particle from the high-resolution 3D refinement, we reconstructed two halfmaps of each state using raw single-particle images at super-resolution mode with a pixel size of 0.685 Å by ROME software (43) . The global resolutions of the finial reconstructions of states 1, 2 and 3 were 2.6, 3.3 and 6.3 Å respectively, measured by the gold-standard Fourier shell correlation (FSC) at 0.143-cufoff on two independently refined half-maps. For the sake of visualization, an estimated negative B-factor was applied to all structures to sharpen their density maps, and local resolution variations were then calculated by rome_res module in the ROME software (43) on two half-maps of each state that implemented and parallelized the same algorithm in ResMap (44) .
Atomic model building and refinement. To build the initial atomic model of RyR1 in state 1, we use previously published structure (PDB ID 5T15) as a starting model and then manually improved the main-chain and side-chain fitting in Coot (45) . To fit the model to the density map, we first conducted rigid fitting of the segments of the model in Chimera (46) , and then rebuild the (59) into an all-atom system within the CHARMM36 force field (60, 61) . Then, two all-atom systems were constructed respectively, by aligning and embedding (62) the pore domain of the state-1 structure with and without the cryo-EM-determined Ca 2+ and water molecules into the bilayer, and 0.15 M CaCl2 was added to neutralize the system.
The all-atom molecular dynamics simulations were conducted to obtain the stable binding sites of the Ca 2+ in the pore domain of the cryo-EM structure based on an improved calcium model (63) .
The CHARMM36m force field (64) with TIP3P water model (65) Reconstitution of energy landscape. In order to analyze the dynamical behavior of the RyR1 channel, we first need to know its free energy landscape, which can be obtained from the cryo-EM data (70) . After 2D classification, all remaining particles were randomly separated into 11 subsets, and subsequent 3D classification in every subset reconstructed 53 density maps in total. After density maps reconstructed by particles fewer than 1300 were removed and the channel region of RyR1 was masked, 33 cryo-EM reconstructions were left for further dimensionality reduction by either principal component analysis (PCA) or t-distributed stochastic neighbor embedding (t-SNE).
When we reduced the dimensions of 3D map data by PCA to 2, we found all points almost distributed along a straight line ( fig. S8D ). Thus we straightforwardly reduced the dimension to one, and mapped the first reaction coordinate to the channel radius at the constriction of activation gate in our high-resolution structures to calculate the free energy function = ( ), based on the Boltzmann distribution. For any pair of cryo-EM reconstructions and , the Boltzmann distribution suggests that the difference of free energy ∆∆ between them is
where is the Boltzmann constant, is the absolute temperature, and -, . is the number of particles used to reconstruct the cryo-EM density maps and , respectively. For simplicity, the free energy of the reconstruction can be valued as
where is the total particle. A constant that can be added to the free energy for any cryo-EM reconstruction is omitted here. As shown in fig. S8A , the free-energy function has two local minima that correspond to the closed and open states, respectively. Consistent with this results, the t-SNE-derived pseudo-energy landscape shows a circular valley corresponding to state 1, which is separated by a circular barrier to shallow wells corresponding to state 3 ( fig. S8E ). Note that the one-dimensional free-energy profile plotted against the radius of the gate constriction ignores the conformational changes in the peripheral cytosolic shell domains, whereas the twodimensional free-energy landscape plotted against two t-SNE dimensions does not. Thus, the locations of states 1 and 2 is very close in the one-dimensional free-energy landscape ( fig. S8D ), but they are well separated on the two-dimensional free-energy landscape ( fig. S8E ).
Stochastic dynamics simulations.
To understand the gating dynamics of the transmembrane pore of RyR1, we analyzed stochastic motion of the channel interacting with hydrated calcium ions, based on the high-resolution RyR1 structure and the parameters provided by classical MD and quantum mechanical DFT simulations. As the energy well of the open state is so shallow, the free-energy profile for channel activation can be approximately simplified to a harmonic function of the gate radius R, which can be written as
where 3 is the gate radius of the ground state, 3 is the ground energy, and is the area tension of channel whose order of magnitude can be derived from the experimental measurement of the free-energy landscape (Fig. 6a) . Based on the theoretical model introduced previously ( 
where = ( ) = − 3 is the reaction coordinate, ( , ) is probability density at ( , + ),
, and is the external force exerted on the channel of RyR1.
Inserting Smoluchowski approximation ( , ) = H exp (− ( − 〈 ( )〉) 4 ) and the harmonic potential in equation (1), it is easy to derive this ordinary differential equation 
Equation (4) shows that the radius of channel changes exponentially with time , which is consistent with the rapid-changing ions current recorded in the single-channel experiment. Let → ∞, when the force is a constant, the 〈 〉 at an equilibrated state can be derived
which is consistent with the result by directing inserting = 0 into equation (3). Equation (5) suggests that the external force exerted on the channel plays an important role in the change of the gate radius . However, the force is too complicated to calculate in a precise way. In our model, two components governed by different mechanisms may contribute to the force . The first part of force is attributed to the hydrated Ca 2+ ions permeating through the channel of RyR1. The cryo-EM maps demonstrate that Ca 2+ ions will bind to the negatively charged residues of the cytosolic vestibule in the closed state, whereas in the open state the density of Ca 2+ ions in this position was not observed (fig. S5A, B ). So the electrostatic interaction exerted by Ca 2+ ions in this position stabilizes the closed state of the channel. Meanwhile, the Ca 2+ hydration complexes exert hydrophobic repulsion to the channel when going through the constriction at the activation gate narrowed by the hydrophobic residues Ile4937. Considering the Ca 2+ ions in the channel, this part of force is formulated as = D D XXX − 4 4 XXXX (6) where D is the mean hydrophobic repulsion from single Ca 2+ hydration complex outward along the radius, D XXX is the average Ca 2+ ion number acting the repulsion force D , 4 is the mean electrostatic interaction from Ca 2+ hydration complexes inward along the radius, and 4 XXXX is the average Ca 2+ ion number acting the interaction 4 . The order of magnitude of force D and 4 was calculated by quantum mechanical DFT simulation (see above). Considering the probability Ca 2+ ions bound to the protein, previous studies have suggested the relationships (32) 4 is the association constants of two binding reactions, respectively, and is the local Ca 2+ ion number in the channel. Inserting the function (7) , (8) into (6), the mean force F can be written as
The second part of the force is regulated by allosteric activation of RyR1. The allosteric activation is structurally complicated and could change the free energy landscape in a Ca 2+dependent manner. In RyRs, the remote regulation via Ca 2+ binding to sites 11 or other unknown activation sites in the cytosolic shell domains can be simplified by a modulatory coefficient function imposed on the force expressed in equation (9) . So the effective mean force can be revised
where ( ) is the modulatory coefficient function of cytosolic Ca 2+ concentrations that defines the overall sensitivity of the primed RyR1 to the Ca 2+ -dependent activation. When the cytosolic Ca 2+ concentration is lower than certain threshold, ( ) = 0 means that the channel will not be moved by any force from Ca 2+ interactions. ( ) can also assume certain value greater than 1 as mutation of some residues can allosterically stimulate the force sensitivity of the channel. As the R615C mutation (31) might make RyR1 to hold calcium ions more frequently in the channel, the mean force will increase due to the growing local ion number and other structural factors.
Given these effects, the modulation coefficient ( ) is assigned 1 and 1.42 in the case of wildtype RyR1 and R615C mutant, respectively.
In order to predict the open probability of the channel of RyR1, a radius threshold * and * = * − 3 that calcium can be released should be defined in the model. When → ∞, the probability density function ( , ) can be rewritten as ( ). So the open probability d can be calculated as:
where the threshold * was calculated by the targeted MD simulation (see above), and the 1.995 × 10 iDD N Mean electrostatic interaction of single Ca 2+ ion ( 4 )
1.995 × 10 iDD N Local particle number in the channel ( ) Movie S3. 3D motion illustration of the Ca 2+ hydration complex bound at Site 1 in the selectivity filter. The Ca 2+ ions and oxygen atoms of water molecules are shown as green and red spheres, respectively. The first hydration shell is highlighted by blue dashed lines connecting the water molecules, whereas the green dashed lines highlight the potential hydrogen bonds between the first or second hydration shells and the carbonyl or carboxyl oxygen atoms in the selectivity filter.
Movie S4. 3D motion illustration of the Ca 2+ hydration complex bound at Site 4 in the central cavity, corresponding to a plausible occupancy state observed in our MD simulations, in which Sites, 2, 3 and 5 are occupied with water molecules, and Site 1 by a Ca 2+ ion. The Ca 2+ ions and oxygen atoms of water molecules are shown as green and red spheres, respectively. The first hydration shell is highlighted by blue dashed lines connecting the water molecules, whereas the green dashed lines highlight the geometry of the second hydration shell.
Movie S5. 3D motion illustration of the Ca 2+ hydration complex bound at Site 7. The Ca 2+ ions and oxygen atoms of water molecules are shown as green and red spheres, respectively. The first hydration shell is highlighted by blue dashed lines connecting the water molecules, whereas the green dashed lines highlight the potential hydrogen bonds between the hydration shells and the side-chain oxygen atoms in the cytosolic vestibule.
